Aims/hypothesis. Recruitment of the protein c-Cbl to the insulin receptor (IR) and its tyrosine phosphorylation via a pathway that is independent from phosphatidylinositol 3′-kinase is necessary for insulin-stimulated GLUT4 translocation in 3T3-L1 adipocytes. The activation of this pathway by insulin or exercise has yet to be reported in skeletal muscle. Methods. Lean and obese Zucker rats were randomly assigned to one of three treatment groups: (i) control, (ii) insulin-stimulated or (iii) acute, exhaustive exercise. Hind limb skeletal muscle was removed and the phosphorylation state of IR, Akt and c-Cbl measured. Results. Insulin receptor phosphorylation was increased 12-fold after insulin stimulation (p<0.0001) in lean rats and threefold in obese rats. Acute exercise had no effect on IR tyrosine phosphorylation. Similar results were found for serine phosphorylation of Akt. Exercise did not alter c-Cbl tyrosine phosphorylation in skeletal muscle of lean or obese rats. However, in contrast to previous studies in adipocytes, c-Cbl tyrosine phosphorylation was reduced after insulin treatment (p<0.001). Conclusions/interpretation. We also found that c-Cbl associating protein expression is relatively low in skeletal muscle of Zucker rats compared to 3T3-L1 adipocytes and this could account for the reduced c-Cbl tyrosine phosphorylation after insulin treatment. Interestingly, basal levels of c-Cbl tyrosine phosphorylation were higher in skeletal muscle from insulinresistant Zucker rats (p<0.05), but the physiological relevance is not clear. We conclude that the regulation of c-Cbl phosphorylation in skeletal muscle differs from that previously reported in adipocytes. [Diabetologia (2004) 47:412-419] 
tigation, the cellular defects contributing to loss of signal transduction that ultimately activates cellular glucose transport remain poorly described in insulin resistance states. After insulin binding, the insulin receptor (IR) undergoes autophosphorylation of tyrosine residues, stimulating its kinase activity and association of the adaptor proteins insulin receptor substrate (IRS)-1, IRS-2 and the Grb2-associated protein, which themselves are tyrosine-phosphorylated by the receptor [3, 4] . Downstream signalling occurs via the phosphatidylinositol 3′-kinase (PI 3-kinase) pathway, though recent evidence suggests the mitogen-activated protein kinase pathway is also involved [3] . Whereas activation of the PI 3-kinase pathway is pivotal in the stimulation of glucose transport, its activation alone is not sufficient to mediate glucose transport [5, 6, 7, 8] .
Reduced insulin-stimulated glucose uptake in insulinsensitive tissues is a central defect in the pathophysiology of common metabolic disorders including Type 2 diabetes and obesity [1, 2] . Despite extensive invesConsiderable interest has been generated with the recent identification of an alternate insulin-signalling pathway for glucose transport [5] . This pathway involves the recruitment of the protein c-Cbl to the IR by the c-Cbl associating protein (CAP). c-Cbl is a 120-M r cellular homologue of the transforming v-Cbl oncogene [9] . It is heavily tyrosine-phosphorylated by a variety of kinase signalling pathways and in response to epidermal growth factor and interleuken-3 stimulation [10, 11, 12, 13] . In 3T3-L1 adipocytes c-Cbl is markedly and rapidly tyrosine-phosphorylated in response to insulin. Yeast two-hybrid screening identified CAP [14] , which recruits c-Cbl to the IR. Tyrosine phosphorylation via the IR initiates the dissociation of the CAP-Cbl complex enabling c-Cbl to interact with the caveolar protein flotillin. Flotillin forms a ternary complex with CAP and c-Cbl, directing its localisation to lipid-rich regions of the plasma membrane known as lipid rafts [5] . The formation of this complex is required for glucose transport in 3T3-L1 adipocytes, as expression of a truncated nonfunctional CAP mutant prevents insulin-stimulated GLUT4 translocation and glucose transport.
Tyrosine phosphorylation of c-Cbl and subsequent localisation to the lipid rafts in conjunction with the CAP and flotillin complex could be a necessary insulin-dependent pathway for glucose transport in adipocytes. However, involvement of this pathway in skeletal muscle, the primary tissue of insulin-mediated glucose uptake, has yet to be shown. Unlike adipocytes which are responsible for only 10% of insulin-stimulated glucose disposal, skeletal muscle accounts for as much as 90% of whole-body glucose uptake [15] . Furthermore, in insulin-resistant states the activation of signalling proteins such as the IR, IRS-1, PI 3-kinase and some isoforms of Akt are disregulated [1, 16, 17, 18] . Therefore, investigation of c-Cbl activation in normal healthy and insulin-resistant skeletal muscle is important in order to explain the potential role of this novel insulin-signalling cascade.
Exercise is a potent stimulus for the translocation of GLUT4 to the cell surface and the subsequent increase in glucose transport into muscle [19, 20] . The signalling pathways mediating translocation of GLUT4 in response to exercise are not known, although the pathway is known to be independent from the insulin-mediated activation of PI 3-kinase [21] . c-Cbl is tyrosine-phosphorylated by numerous cell surface receptors, including growth factors, cytokines and lymphocyte antigens [22, 23, 24] . Additionally, shear stress in endothelial cells, initiates rapid and sustained tyrosine phosphorylation of c-Cbl [25] . Collectively these studies suggest that skeletal muscle contractile activity could result in tyrosine phosphorylation of c-Cbl and hence downstream activation of the flotillin-related complex involved in GLUT4 translocation to the cell membrane lipid rafts.
Moreover, the expression of CAP in skeletal muscle is important because failure of insulin to tyrosinephosphorylate c-Cbl in 3T3-L1 fibroblasts is associated with a lack of CAP expression in 3T3-L1 fibroblasts [14] . Skeletal muscle of mice has been shown to express CAP mRNA, implying that functional CAP protein is expressed in skeletal muscle [14] . However, the expression of CAP protein in skeletal muscle and its abundance relative to other tissues such as 3T3-L1 adipocytes have not been investigated. Therefore, the measurement of CAP protein expression in skeletal muscle will further explain the role of this new pathway.
Materials and methods

Materials
We purchased c-Cbl (7G10) mouse monoclonal IgG, CAP rabbit polyclonal IgG, insulin-receptor (IR β ) rabbit polyclonal IgG and phosphotyrosine (4G10) mouse monoclonal IgG from Upstate Biotechnology (Lake Placid, N.Y., USA). The IR β mouse monoclonal IgG was a gift from Prof. K. Siddle (Department of Clinical Biochemistry, University of Cambridge, UK). Phospho-Akt (pAkt) Ser473 rabbit polyclonal IgG and Akt rabbit polyclonal IgG were from Cell Signaling Technology (New England BioLabs, Hitchin, Hertfordshire, UK). Affinitypurified peroxidase-labelled anti-mouse IgG and anti-rabbit IgG were purchased from Silenus (Hawthorn, Victoria, Australia). All other reagents were analytical grade.
Animal care and dietary treatment
Animals. Female lean (fa/?; n=18) and obese (fa/fa; n=18) Zucker rats, 10 to 11 weeks of age and weighing approximately 176 and 296 g respectively were obtained from Monash University Animal Services, Clayton, Victoria, Australia. Animals were housed two per cage in an environmentally controlled laboratory (temperature 22±1°C, relative humidity 50±2%) with a 12-h to 12-h light-dark cycle (light 07.00-19.00 h). They were fed standard rodent chow (67.5% carbohydrate, 11.7% fat, 20.8% protein; Barastock, Dalby, Queensland, Australia), given free access to water and familiarised with laboratory conditions for one week before experimentation. All animal procedures were carried out according to the "Principles of laboratory animal care" (NIH publication no. 85-23, revised 1985) and were approved by the Animal Experimentation Ethics Committee of RMIT University.
Animals were assigned to one of three subgroups on the basis of (i) whether they remained sedentary (controls), (ii) were exercised (below: Ex) or (iii) were insulin-stimulated (below: Insulin).
Sedentary controls. At 17.00 hours on the day before the experiment, lean animals were restricted to 10 g and obese animals to 12 g of chow (this amount being approximately 60% of the animals' average daily food consumption from the previous 7 days). Lean rats were assigned to one of three experimental groups: sedentary control (lean-control; n=6), exercised (lean-Ex; n=6) and insulin-treated (lean-Insulin; n=6). Obese rats were also assigned to groups in the same way: sedentary control (obese-control; n=6), exercised (obese-Ex; n=6) and insulin-treated (obese-Insulin; n=6).
Exercise. Two groups of rats (lean-Ex and obese-Ex) did a standard exercise regimen to deplete their skeletal muscle glycogen stores. Three rats swam together in a steel barrel measuring 60 cm in diameter and filled to a depth of approximately 60 cm. Water temperature was maintained at 35°C. Before an experiment began, all animals had been familiarised with swimming for 10 min per day for 3 days. The swimming protocol was a modification of the procedure used extensively in previous exercise studies with rats [26, 27, 28] . The rats swam for eight 30-min bouts, separated by 5-min rest periods. In obese animals, a weight equal to about 2.5% of body mass was attached to the base of the tail after the first 30-min exercise bout to compensate for their increased buoyancy. The obese animals swam with the weight attached for the remaining seven exercise bouts. Weights were chosen so that during the swimming protocol the body angles relative to the surface of the water were similar for both the obese and lean rats [29] . The rats were killed immediately after the exercise.
Insulin treatment. Two groups of non-exercised rats (leanInsulin and obese-Insulin) were injected intraperitoneally with insulin (0.15 U·g −1 body weight, Human, Actrapid, Novo Nordisk, Denmark) [30] . After 5 min the animals were anaesthetised with an intraperitoneal injection of pentobarbital sodium (60 mg·kg −1 body mass) and killed.
Laboratory procedures
Preparation of rat tissue and blood samples. Approximately 5 min before being killed, rats were anaesthetised with an intraperitoneal injection of pentobarbital sodium (60 mg·kg −1 body mass) and soleus muscle was rapidly excised and frozen in liquid nitrogen. We chose to sample the soleus (84% type I, slow-twitch, oxidative fibers) because previous investigations have reported no differences in GLUT4 content between lean and obese animals [31] . Furthermore, type I fibers are more insulin-sensitive [32] and have a higher maximal glucose transport rate than type II fibers [33] . A blood sample (~1 ml) was obtained via cardiac puncture.
Frozen rat soleus was homogenised using a polytron at maximum speed for 30 s. This was done on ice and in 600 µl of freshly prepared ice-cold buffer consisting of 50 mmol/l HEPES at pH 7.6 containing 150 mmol/l NaCl, 20 mmol/l Na 4 P 2 O 7 , 20 mmol/l β-glycerophosphate, 10 mmol/l NaF, 20 mmol/l EDTA, 1% Nonidet P-40, 10% glycerol, 1 mmol/l MgCl 2 , 1 mmol/l CaCl 2 , 2 mmol/l Na 3 VO 4 , 2 mmol/l phenylmethylsulfonyl fluoride, 5 µl/ml Protease Inhibitor Cocktail (P8340, Sigma. St. Louis, Mo., USA). Tissue lysates were incubated on ice for 20 min and then centrifuged at 10,000×g for 20 min at 4°C. Protein concentration was measured using the Bio-Rad protein assay (Bio-Rad, Sydney, NSW, Australia). The supernatants were stored at -80°C until analysis.
Cells and culture conditions. 3T3-L1 adipocytes were used in the differentiated state. Briefly, 3T3-L1 fibroblasts were grown and passaged in DMEM supplemented with 5% (v/v) FCS at 37°C and maintained 1 to 2 days after confluence. They were then differentiated by the addition of 5% (v/v) FCS, 250 nmol/l dexamethasone, 500 nmol/l isobutyl methylxanthine and 500 nmol/l insulin. After three days, the differentiation medium was replaced with post-differentiation medium containing 5% (v/v) FCS and 500 nmol/l insulin for a further 2 days. Cells were then fed for another 2 days post-differentiation in DMEM supplemented with 5% (v/v) FCS. Chinese hamster ovary cells expressing 3×10 6 human IRs per cell (CHO-IR, gift from Prof. W. Rutter, Hormone Research Institute, University of California, San Francisco, Calif., USA) were cultured in DMEM supplemented with 5% (v/v) FCS. Before insulin treatment and cell lysis, adipocytes and CHO-IR cells were serum-starved overnight in alphaMEM containing 0.5% (v/v) FCS. Cells were then treated with 100 nmol/l insulin (Actrapid, NovoNordisk) for 0, 1 or 10 min. Incubation was stopped by washing the cells twice with ice-cold PBS and cells were then lysed on ice for 15 min in lysis buffer containing 50 mmol/l Tris-HCl at pH 7.4 containing 150 mmol/l NaCl, 1 mmol/l Na 4 P 2 O 7 , 0.25% sodium deoxycholate (w/v), 10 mmol/l NaF, 1 mmol/l EGTA, 1% Nonidet P-40, 1 mmol/l Na 3 VO 4 , 1 mmol/l phenylmethylsulfonyl fluoride, 1 mg/ml aprotinin, 1 mg/ml leupeptin and 1 mg/ml pepstatin. Tissue lysates were then cleared by centrifugation at 10,000×g for 15 min at 4°C. Protein concentration was measured using the Bradford protein assay (Bio-Rad). The supernatants were stored at −80°C until analysis. Blood biochemistry. Whole blood (~1 ml) was transferred to a tube containing EDTA and spun in a centrifuge at 12,000 rpm for 3 min. The plasma was analysed for plasma glucose concentration using an automated analyser (2300 Stat Plus Glucose Analyser, Yellow Springs Instruments, Yellow Springs, Ohio, USA). The remaining plasma was stored at −80°C and subsequently analysed for plasma insulin concentration by radioimmunoassay using a commercially available kit (Phadeseph, Insulin RIA, Pharmacia and Upjohn Diagnostics, Uppsala, Sweden).
Immunoprecipitations and immunoblotting.
Statistical analyses
Standards (equal amounts of whole cell lysates from CHO-IR cells and rat skeletal muscle) were included in all immunoblots, and inter-assay variation was accounted for by normalising data to control samples. Data are presented as means ± SEM. Analysis of differences between two treatments within a genotype and of differences between lean and obese animals was done using an unpaired Student's t test. All other differences were analysed using a two-way analysis of variance with Newman-Keuls post-hoc analysis where appropriate and Biomedical Data Processing statistical software (BMDP/Dynamic release 7.0, Cork Technology Park, Cork, Ireland). Significance was accepted at a p value of less than 0.05.
Results
Characteristics of lean and obese Zucker rats. As expected, obese animals were heavier than lean ones (296±7 g vs 176±3 g, p<0.0001). Table 1 shows the concentrations of plasma glucose and plasma insulin at rest and after the two treatment interventions. Resting plasma glucose concentrations were similar between obese and lean animals. However, as expected, resting plasma insulin concentrations were three-to fourfold higher in obese than in lean rats (p<0.05, Table 1 ). In lean rats, exercise was associated with a 1.6-and 2.6-fold reduction in plasma glucose and plasma insulin concentrations respectively (p<0.05, Table 1 ). Insulin treatment resulted in supra-physiological plasma insulin concentrations. Insulin-treated rats had plasma insulin concentrations 2000-fold and 800-fold higher in lean and obese rats respectively when compared to the control groups (p<0.05, Table 1 ). After insulin treatment, plasma glucose concentrations decreased 2.0-and 1.6-fold in lean and obese rats respectively (p<0.05, Table 1 ).
Insulin receptor protein expression and tyrosine phosphorylation in muscle of Zucker rats. The results of immunoprecipitation and immunoblotting clearly
show that insulin treatment increased tyrosine phosphorylation of the insulin receptor. Lean insulin-treated rats had a 12-fold higher tyrosine phosphorylation of the IR compared to the lean control rats (p<0.0001, Fig. 1 ). This effect was blunted in obese Zucker rats, with IR tyrosine phosphorylation only threefold higher in obese insulin-treated rats than in obese control rats (p<0.001, Fig. 1 ). This could be partly explained by the 40% lower abundance of IR protein in obese animals (p<0.0001). IR protein abundance was not altered by insulin treatment or acute exercise (not significant), although there was a trend (p=0.06) for obese animals to have higher IR tyrosine phosphorylation levels than lean ones in the control group (Fig. 1) . This finding can probably be explained by the significantly higher basal plasma insulin concentrations of the obese animals in the two control groups (Table 1) . Exercise did not increase IR phosphorylation in either lean or obese Zucker rats (Fig. 1) . Indeed, we were unable to detect IR tyrosine phosphorylation after exercise in the lean rats. Accordingly, a nominal value was assigned to this group relative to the fold changes seen between control and exercised groups in obese animals.
Akt protein expression and serine (473) phosphorylation in muscle of Zucker rats.
Akt protein expression was similar between obese and lean animals (not significant). Figure 2 shows that insulin treatment increased pAkt (Ser473) in lean insulin-treated and obese insulin-treated skeletal muscle by 9-and 14-fold respectively, compared to control groups (p<0.0001, Fig. 2) . No significant change of pAkt (Ser473) was seen after exercise, nor was it different in the control groups between genotypes. However, after insulin treatment pAkt (Ser473) was reduced by approximately 30% in obese rats compared with lean littermates (p<0.0001, Fig. 2 ), an effect that cannot be explained by differences in Akt protein expression.
Expression of c-Cbl protein and tyrosine phosphorylation in muscle of Zucker rats and 3T3-L1 adipocytes.
The effect of 5 min of insulin stimulation and an acute bout of exercise (4 h of swimming) on c-Cbl protein abundance and tyrosine phosphorylation was measured in skeletal muscle of lean and obese Zucker rats. In skeletal muscle c-Cbl is an abundant protein (Fig. 3) as All data were normalised to a cell lysate standard (CHO-IR) to enable inter-assay comparison. *p<0.0001 vs control, #p<0.0001 vs Zucker lean insulin-stimulated rats measured in total cell lysates. Although there seems to be a trend towards greater c-Cbl protein abundance in the lean rats after exercise, ANOVA showed no significant difference between any of the treatments for muscle samples of lean and obese Zucker rats (Fig. 3) . We detected some tyrosine phosphorylation of c-Cbl in the control and exercise groups, however c-Cbl tyrosine phosphorylation was almost undetectable in the insulin-treated group (Fig. 4) . ANOVA showed higher tyrosine phosphorylation of c-Cbl in obese Zucker rats (p<0.05, Fig. 4 ) than in lean ones. Furthermore, the insulin-treated group had lower levels of c-Cbl tyrosine phosphorylation (p<0.001). Unlike rat skeletal muscle, 3T3L1 adipocytes treated with insulin for 1 and 10 min were observed to increase c-Cbl tyrosine phosphorylation (Fig. 5) , confirming our ability to measure insulin stimulation of c-Cbl tyrosine phosphorylation. effect reflected the choice of sampling time. Indeed, the data showed decreased c-Cbl tyrosine phosphorylation after insulin stimulation in skeletal muscle. The physiological significance of this is unclear.
CAP protein expression in 3T3-L1 adipocytes and skeletal muscle of Zucker rats. Expression of two ma-
There is evidence that the role of c-Cbl in insulin signalling could be tissue-specific. Cell lines such as 3T3-L1 fibroblasts do not contain CAP and fail to show the same insulin-stimulated tyrosine phosphorylation of c-Cbl as 3T3-L1 adipocytes [14] . We have now shown that CAP protein abundance is much lower in rat skeletal muscle when compared with the 99 M r and 125 M r isoforms in 3T3-L1 adipocytes. In cell lines expressing high levels of functional IRs, such as CHO-IR and KRC-7 cells, insulin treatment does not induce tyrosine phosphorylation of c-Cbl [23] . This would suggest that in cell lines abundant in functional IR or lacking CAP, the c-Cbl pathway is not a central component for insulin signalling but rather an ancillary pathway.
Considerable interest has been focused on the possible actions of c-Cbl as a negative regulator of gene transcription mediated by growth hormone [34] or as a negative regulator of non-receptor tyrosine kinases such as by enhancement of their ubiquitin-dependent degradation [35] . Interestingly, despite the many perturbations in cellular homeostasis in the insulin-resistant Zucker rat [35] , c-Cbl protein expression was not altered between genotypes. However, the current investigation found that basal levels of c-Cbl tyrosine phosphorylation are higher in insulin-resistant skeletal muscle. Analysis of the responsiveness of the proximal members of the classic insulin signalling cascade showed that basal tyrosine phosphorylation of the insulin receptor was increased in the obese animals under resting conditions. We also showed that insulin stimulation resulted in a significant increase in tyrosine phosphorylation of the insulin receptor and pAkt (Ser473), and that these effects were blunted in obese Zucker rats compared with lean littermates. These results are in agreement with previous findings in this animal model [17, 36, 37] . This present study also provides additional data showing that insulin-resistant skeletal muscle is associated with increased tyrosine phosphorylation of c-Cbl.
A diverse range of cellular stimuli including shear stress [25] , and a wide array of cytokines and growth factors, including hepatocyte growth factor and epidermal growth factor [22, 23, 24] , cause c-Cbl to undergo activation and tyrosine phosphorylation. Exercise stimulates the translocation of GLUT4 to the cell surface, increasing glucose transport via a pathway that is independent from the insulin-mediated activation of PI 3-kinase [19, 20] and suggesting a possible role of the alternative c-Cbl pathway. Therefore we also examined whether c-Cbl would undergo tyrosine phosphorylation in response to intense, prolonged exercise. The exercise stimulus chosen results in pronounced reductions in muscle glycogen concentra-jor CAP isoforms (99 Mr 2 and 125 Mr 2 ) is more abundant in 3T3-L1 adipocytes than in rat skeletal muscle (Fig. 6 , left-hand side), despite three times the amount of total protein from the skeletal muscle extracts being loaded into each well. The experiment was repeated in five separate dishes of 3T3-L1 adipocytes and skeletal muscle from five lean Zucker rats with similar results to those in Fig. 6 . No CAP expression at 99 Mr 2 and 125 Mr 2 was detected in skeletal muscle samples. In fact either non-specific binding or alternative CAP isoforms of approximately 105 Mr 2 and 70 Mr 2 were faintly detected in skeletal muscle. Thus, CAP expression in skeletal muscle is lower than in 3T3-L1 adipocytes.
Discussion
We found that basal tyrosine phosphorylation levels of c-Cbl in muscle samples did not differ between the control and exercised groups. However, a marked reduction of c-Cbl tyrosine phosphorylation was found with insulin treatment. In fact, the levels of c-Cbl tyrosine phosphorylation were virtually undetectable in the insulin-treated groups despite clear demonstration of insulin-stimulation of receptor tyrosine phosphorylation and downstream activation of insulin signalling via Akt phosphorylation. This finding contrasts with the results shown in 3T3-L1 adipocytes in the present study and by others [23] , although it is possible that the 5-minute insulin treatment of rats in our study resulted in very a rapid and transient c-Cbl phosphorylation or, alternatively, delayed and slow onset of phosphorylation after insulin stimulation. However, in 3T3-L1 adipocytes c-Cbl tyrosine phosphorylation was increased at both 1 and 10 min of insulin stimulation, and a previous study [23] reported that c-Cbl remained phosphorylated for up to 30 min after insulin treatment. It is therefore unlikely, based on our data from 3T3-L1 adipocytes, that the lack of tions [26] , showing the energetic demands of this exercise mode. However, c-Cbl tyrosine phosphorylation was unaffected by a single bout of swimming exercise.
In summary, we report that c-Cbl is a readily abundant protein in healthy and insulin-resistant rodent skeletal muscle. The present study found higher tyrosine phosphorylation of c-Cbl in obese skeletal muscle of insulin-resistant Zucker rats. Furthermore, a marked reduction in the tyrosine phosphorylation of c-Cbl in rats treated with a supraphysiological dose of insulin was also found. Thus, unlike 3T3-L1 adipocytes, rodent skeletal muscle does not respond to insulin stimulation by tyrosine-phosphorylating c-Cbl. We also showed that CAP protein abundance is lower in skeletal muscle of Zucker rats than in 3T3-L1 adipocytes. A lack of functional CAP protein in rat skeletal muscle could explain why insulin does not tyrosine-phosphorylate c-Cbl in such muscle. Exercise does not seem to have an effect on c-Cbl protein abundance or tyrosine phosphorylation.
